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ABSTRACT
Analysis of tornado strength winds interacting with a highway overpass structure is presented
with emphasis on air flow patterns above and under the bridge. Experiments were performed in a
wind tunnel with the scaled geometry of an overpass. Velocity and dynamic pressure
measurements were obtained independently at four locations as the overpass was rotated about
its vertical axis between air flow angles of approach between 0 and 90, at 10 increments. Lift
and drag forces on the overpass geometry were also measured. To compare various highway
overpass locations with the surroundings, the measured dynamic pressure and velocity, drag and
lift forces, and drag coefficients at each of the locations and approach angles were examined. It
was found that at all locations, the measured velocities never exceeded the freestream velocity of
190.2 ft/s (58 m/s; 130 mph), with the maximum Re occurring above the overpass and between
the I-beams. A theoretical maximum pressure drop for the tornado center was calculated to be
0.5 psi for an Enhanced Fujita 2 (EF2) scale tornado and compared with the highest pressure
drop of 0.278 psi, determined from the experiments. Calculated pressure coefficients Cp were
mostly < 0 and some close to one dynamic head less than ambient. The drag coefficients Cd
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remain primarily in the laminar region with later transition to turbulence. Using experimental
data from the literature, drag forces on an average size man in crouching and laying positions
between the overpass I-beams section were determined to be a maximum of 31 lbf.

INTRODUCTION
During a tornado, areas under an overpass seem like suitable places for people to seek refuge. It
is suggested however, that this is ill-advised (1-3) creating a dangerous situation, due in part to
the localized air pressures developed in these spaces from the high-strength wind effects
experienced during a tornado.

Several reasons for discouraging the public from seeking refuge from a tornado in areas under a
highway overpass have been suggested in news and web-based articles (1, 2, 4, 5). While there
are many, the primary reasons have been focused on the high speeds of the debris field, the
potential air velocity increase through the smaller cross-sectional areas under the overpass, the
flat concrete walls without places in which to anchor, and the abrupt changes in wind direction as
a tornado passes over an overpass structure. Other reasons include hampering of traffic through
these areas, including vehicles parked in the vicinity of an overpass prohibiting emergency
services dispatch, and blocking transportation routes out of the tornado-event area. To date,
statistics identify deaths occurring due in part to some individuals and/or vehicles using areas
beneath overpasses as shelters during tornados (1, 3, 6, 7).

There have been previous wind tunnel experiments and modeling examining tornado vortices
and surface interactions of tornadoes (8, 9). The current paper presents results of wind tunnel
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experiments that are specific to a highway overpass structure. While there are countless
structures in which tornado interactions may occur, the highway overpass was chosen to examine
the pressure, velocity and force fields in the vicinity of such structures since data currently is
minimal.

The vertical length scale of interest is less than 10 meters above the atmospheric ground level
(AGL) (10) since the typical overpass structure of interest stands 4.3 m (14 ft) in vertical height.
With regard to damage caused by tornado events, several interesting papers on the effects of the
vortex corner flow, where the air stream turns vertically upward, highlight the importance of the
near-surface radial inflow of tornadic winds in computer modeling (11-14). Here also, a tornado
dimensionless parameter such as (corner) swirl ratio (14, 15) coupled with near-surface
velocities have been found to affect the increase or decrease in intensity of a tornado (13).

In the current work, the tornadic winds are assumed constant with the effects of a developing
tornado and frictional losses neglected, as is the vertical wind component (10, 16, 17) and
structural modal analyses (18). The experiments presented for freestream Reynolds number air
flows of 1.1E06, utilize straight-line wind tunnel velocities with varying angles of approach of
the winds on the highway overpass structure. The wind tunnel straight-line velocities differ from
a true tornado and complex simulations, in which complicated and interrelated two and threedimensional effects consist of high variability in the far-field and near-field environments (19).
Additionally, terrain of varying heights and slopes, over which a tornado passes, strongly
influence a vortex traversing the terrain slope both upwards and downwards (20).
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Experimental air dynamic pressures and corresponding air velocities in several sections under
and above a two-lane bridge crossing a six-lane highway are examined, for a tornado. Scaled
wind tunnel experiments and analytical methods, in particular in the areas in and below the
overpass abutment or I-beams, the center of a travel lane under the overpass and the location
immediately above the overpass, are the locations of interest. To distinguish whether various
highway overpass locations have adverse conditions compared with the surroundings, the
measured dynamic pressure, measured drag and lift forces, and drag coefficients at each of the
four locations and angles of approach were examined. In addition, comparison of a calculated
pressure drop using the experimental data, with a theoretical maximum pressure drop is
presented along with the drag force on a person under the overpass.

METHODOLOGY
Governing Equations
The fluid mechanics of the air flow of a tornado about a highway overpass is governed by the
Navier-Stokes and Continuity equations. The constitutive equation for a Newtonian fluid, the
Navier-Poisson Law, may be derived from the total stress, assumed symmetric:
𝜎𝑖𝑗= −𝑃𝛿𝑖𝑗+𝐶𝑖𝑗𝑘𝑙𝐷𝑘𝑙

Eq. (1)

𝐶𝑖𝑗𝑘𝑙 = 𝜆𝛿𝑖𝑗 𝛿𝑘𝑙 + 𝜇(𝛿𝑖𝑘 𝛿𝑗𝑙 + 𝛿𝑖𝑙 𝛿𝑗𝑘 )

Eq. (2)

where Cijkl is Lamé’s equation, and the rate of deformation tensor Dkl is symmetric. Lamé’s
equation,

where  and  are independent parameters characterizing absolute viscosity . Inserting Eq. (2)
into Eq. (1) in direct notation produces the constitutive equation for Newtonian fluids, the
Navier-Poisson Law:
4
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 = -PI + tr(D)I + 2D

Eq. (3)

Inserting the constitutive Eq. (3) into the field equation known as Cauchy’s Equation of Motion
from the Principle of Virtual Work,
̅ ∙ 𝜎 + 𝜌𝑔̅ = 𝜌𝑎̅
∇

Eq. (4)

where  is density, 𝜌𝑔̅ 𝑎𝑛𝑑 𝜌𝑎̅ are the body force per unit volume and force due to acceleration
per unit volume, respectively. The resulting Navier-Stokes (N-S) equations are:
̅)
𝐷(𝜌𝑉
𝐷𝑡

̅2 𝑉̅ + 𝜌𝑔̅
̅ ∙ 𝑉̅ ) + 𝜇∇
̅𝑝 + (𝜆 + 𝜇)∇
̅(∇
= −∇

Eq. (5)

Air Compressibility
In order to determine whether the N-S equations apply to compressible or incompressible effects
on the flow in the vicinity of the overpass, the magnitude of the Mach number (Ma) is the
criterion. The dimensionless Mach number Ma = V/c represents the ratio of inertial to
compressibility effects, where V is the fluid velocity and c is the speed of sound in air. The
incompressible assumption is valid for Ma < 0.3 (21, 22). For a constant air flow and an average
air temperature of 23.9C (297.0 K), the sound speed in air at this temperature is approximately
345 m/s (21). For a height of 4.3 m to the top of a full-scale overpass, actual data of tangential
wind speeds varying with radii, as functions of elevations above ground level (23-25) were used
to calculate the Mach number for an actual tornado. Corresponding to elevations of 5 to 10 m,
the wind speeds were estimated from this data to be between 30 and 60 m/s, which gives a Mach
number range between 0.087 and 0.174. For the wind tunnel air speed of 190.2 ft/s (58 m/s), the
Mach number was 0.168. In the actual tornado data and that for the wind tunnel air speeds, the
Mach numbers are below 0.3, allowing for the incompressible assumption in the governing N-S
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equations. Expanding the left-hand side of Eq. (5) and eliminating the term applicable to
̅ ∙ 𝑉̅ ), reduces the equation to the following for incompressible flow:
̅(∇
compressibility (𝜆 + 𝜇)∇
𝜌(

̅
𝜕𝑉
𝜕𝑡

̅𝑝 + 𝜇∇
̅2 𝑉̅ + 𝜌𝑔̅
̅ ∙ 𝑉̅ )) = −∇
+ 𝑉̅ (∇

Eq. (6)

Windspeed Classification
As mentioned in the previous section, the freestream velocity in the wind tunnel was 190.2 ft/s
(58 m/s; 130 mph) which is in the wind classification for tornados on the Fujita scale of F2,
ranging between 53-72 m/s (118-161 mph) (26, 27). The experimental velocity was also within
the range of the updated classification Enhanced Fujita (EF) tornado scale of EF2 (26-30)
ranging between approximately 49-61 m/s (110-137 mph) (30). The 58 m/s freestream velocity
in the wind tunnel corresponds to a freestream Re number of 1.1E06, for a constant air density 
= 1.1857 kg/m3 (21), a constant dynamic viscosity  = 1.8E-05 Ns/m2 (21), and using the
hydraulic diameter of 0.295 m of the wind tunnel test section. The average measured temperature
throughout the experiments in the vicinity of the wind tunnel was approximately 23.9C (75F).

Dimensional Analysis
Geometric similarity is essential in appropriately scaling full-size tornado-strength winds in the
wind tunnel experiments. To do so, the N-S Eq. (6) are nondimensionalized using the following
change of variables represented by the dimensionless starred (*) terms:
𝑥𝑖 = 𝑥𝑖∗ 𝐿 ; 𝑡 = 𝑡 ∗

𝐿

𝑉

; 𝑣𝑖 = 𝑣𝑖∗ 𝑉 ; 𝑝 = 𝑝∗ 𝜌𝑉 2 + 𝑝𝑓𝑠 ,

where i = 1, 2 and 3,  is density and pfs is the freestream dynamic pressure. The pressure
coefficient (22), 𝑝∗ =

𝑝− 𝑝𝑓𝑠
𝜌 𝑉2

, also known as the dimensionless Euler number (Eu) (31), is a
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useful ratio of pressure to inertial forces. Inserting the change of variables into the N-S Eq. (6)
with g,  and  as constants, gives the dimensionless N-S revealing additional dimensionless
parameters Froude number (Fr) and Reynolds number (Re):
̅∗
𝜕𝑉
𝜕𝑡 ∗

̅∗ 𝑝 ∗ +
̅∗ ∙ 𝑉̅ ∗ ) = − ∇
+ 𝑉̅ ∗ (∇

1

𝑅𝑒

̅∗ 2 𝑉̅ ∗ +
∇

1

Eq. (7)

𝐹𝑟

The Re number provides a ratio of inertial to viscous effects and is important for dynamic
similarity. The Fr number is also important for dynamic similarity when external body forces
such as gravitational effects are important, as in free-surface flows (21, 31) or density-stratified
flows, for examples. Gravitational effects associated with Fr in the current work however, are
neglected.

The important fluid parameters are pc, V, , , L, Fd, Fl and A, where pc is the difference
between the measured dynamic pressure and the free stream dynamic pressure pc = p – pfs. The
other parameters are velocity V, density , dynamic viscosity , a length scale in the flow
direction L, drag force Fd, lift force Fl and area A, in this case, the frontal area affected by the air
flow.

Using the Buckingham Pi Theorem (32) and the fluid parameters above, the following
dimensionless Pi groups result:
𝑅𝑒 =

𝜌𝑉𝐿
𝜇

∆𝑝𝑐

; 𝐶𝑝 = 1

𝜌𝑉 2
2

; 𝐶𝑑 = 1

𝐹𝑑

𝜌𝑉 2 𝐴
2

; 𝐶𝑙 = 1

𝐹𝑙

𝜌𝑉 2 𝐴
2

Eq. (8)

The Pi groups Eq. (8) are identified as Reynolds number (Re), Euler number (Eu) (31), or as
indicated earlier, more often called the local pressure coefficient (Cp) (22, 25), drag (Cd) and lift
(Cl) coefficients, respectively.
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For dynamically similar air flows, the Re and Ma numbers must be within the same order of
magnitude (21, 22). Since the flow has been found to be incompressible for both the experiments
and actual tornadic winds at the same elevation, the requirement for dynamic similarity of Ma
was met. With the wind tunnel Re = 1.1E06 based on the freestream velocity of 190.2 ft/s (58
m/s), which falls within the range of an EF2 scale tornado, dynamic similarity of the scaled
geometry matches the Re for an actual EF2 scale tornado (26, 28, 33, 34).

Experimental Setup
The wind tunnel used for the experiments (Aerolab EWT, Jessop MD) is in the shape of a
converging-diverging nozzle (Figure 1a).

Figure 1: (a) Wind tunnel with test section and air flow direction; (b) Scaled geometry at 0
degrees with Pitot-static tube parallel to air flow direction, as seen from test section window.

A large fan in the exit section draws air through the tunnel. The test area is located at the throat
section and is 0.61 meters long (24 in) with cross-sectional dimensions 0.295 m x 0.295 m (11⅝
in x 11⅝ in). The fan is powered by a variable frequency drive motor and has a top speed of
approximately 65 m/s (145 mph).

Aerodynamic forces of lift (Fl) and drag (Fd) acting on the scaled geometry were measured using
a strain gage system located beneath the test section of the wind tunnel. A single mounting post
extends up through the floor of the wind tunnel to which the overpass structure was attached,
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thus ensuring all forces were detected by the system. The strain gage system takes readings
through voltages. These signals were sent through a filter and calibration device before being
recorded by data acquisition software TracerDAQ (Measurement Computing, Corp. Norton,
MA). A separate force measuring device was necessary to establish the relationship between
units of force and voltage.

An Extech HD 350 (Extech Instruments Corp., Waltham, MA) anemometer/manometer was used
with a Pitot-static tube to measure velocity and dynamic pressure independently of one another.
The anemometer functions by heating a wire inside the HD 350 and using the airflow from the
stagnation port of the Pitot-static tube to cool it. The amount of energy needed to keep the wire at
constant temperature determines velocity. All calculations and conversions were executed by the
Extech device.

The scaled geometry of a typical full-scale, standard, highway overpass carrying two lanes over a
six-lane interstate (35, 36) used in this experiment was designed using computer-aided design
(CAD) software (DS SolidWorks, Corp., Waltham, MA) and was fabricated using a 3D printer
(Stratasys Ltd., Eden Prairie, MN). The embankment that normally surrounds and provides
support for the overpass abutments were fabricated by hand using 0.020-inch sheet metal. To
mount the scaled geometry in the wind tunnel test section, a flat plate sitting atop an aluminum
post was constructed. The post extended through the floor of the test section directly into the
force balance device. The flat plate was designed to imitate a road passing beneath the overpass.
It was thin enough and extended far enough away from the overpass in both directions leading
under the bridge that eddies created by the leading and trailing edges did not affect
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measurements. It was also elevated in order to avoid boundary layer effects caused by the tunnel
floor.

In order to match a Reynolds number in the wind tunnel equivalent to that found in an EF2 scale
tornado, the scale of the overpass geometry was approximately 1:217. In the orientation of the
middle image of the structure in Fig. 2, the airflow is coming out of the page toward the reader,
in the x2-direction using the coordinate system of the upper left image. A small slot was cut into
the end on between the I-beam on the back side of the overpass labeled as Location 2, to allow
for Pitot-static tube access to the interior directly under the overpass. The scaled geometry was
rotated clockwise through angles of 0- 90, in 10 increments with measurements of velocity,
dynamic pressure, lift and drag forces recorded at each increment at the four locations identified
in Fig. 2. In addition to the slot, a small hole was cut on the side of the overpass to allow for
Pitot-static tube access when the geometry was rotated through the more extreme angles of 7090 degrees. All values in Fig. 2 are in meters.

Figure 2: A scaled geometry (1:217) of a standard highway overpass; Measurements taken at
four locations: 1 - immediately above overpass, 2 - in between I-beams, 3 - immediately under Ibeams, and 4 - center of travel lane under overpass; The airstream direction is indicated with an
arrow. Air flow is perpendicular to the overpass structure when the angle of approach  = 0.

Prior to conducting experiments, the free stream velocity of the air passing through the wind
tunnel test section was established. This was performed with the test section clear of structures
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other than the Pitot-static tube. In addition, the lift and drag forces caused by only the mounting
system were determined so they could later be subtracted from those caused by the overpass.

RESULTS AND DISCUSSION
Experimental and analytical results are presented with discussion.

Normalized Dynamic Pressure
At all four locations and in the freestream, dynamic pressure measurements were taken at each
angle of approach of the air flow to the overpass between 0 and 90, in 10 increments.
Presented in Fig. 3 the dynamic pressure measurements have been normalized with the
2
). At location 1 above the overpass, with the air flow
freestream measurement (𝑝𝑒𝑥𝑝 /1⁄2 𝜌𝑉𝑓𝑠

approaching the structure beyond an angle of 40, the normalized pressure is nearly the same as
the freestream measurement until reaching 90. The opposite is true for the center travel lane of
location 4 and below the I-beams at location 3, with decreasing normalized pressure after air
flow angles of approach of 40. The normalized pressures change in the area of location 2
between the I-beams from a low value of -0.008 psi to a maximum value of 0.300 psi, the latter
occurring when the air flow approaches the overpass at an approach angle of 70.

Figure 3: Dynamic pressure measurements normalized with the freestream for air flows
approaching the overpass in 10 increments from 0 to 90.

Air Velocity Measurements
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Similar correlations are observed in Fig. 4, comparing the measured air flow velocities at the
four locations and the freestream for varying approach angles. In all locations where velocity
measurements were obtained, the velocities remained the same as, or below, the freestream
velocity of 190.2 ft/s (58 m/s). Above the overpass (location 1) the velocities are nearly the same
as the freestream velocity between 50 and 80 angles of approach. Below the I-beams (location
3), the velocities also approach the freestream. This is also the case in the center travel lane
(location 4) when the angles of approach are between 0 and 40. For anyone parked under the
overpass, these nearly freestream velocities do not offer much protection from the tornadostrength winds, rather only the potential for reducing vehicle damage. Earlier it was stated that
one of the main reasons for discouraging people from using an overpass for protection during a
tornado was the potential for the air velocities to increase through the smaller cross-sectional
areas under the overpass. If it is assumed that the locations under an overpass potentially display
flows similar to a converging section, locations 2 and 3 in particular may not be the locations
where an increase in airstream velocities would occur, at least based on the measurements
obtained. Instead, if the airflows accelerate through the underpass sections with values greater
than the freestream, these may occur at locations other than those where measurements were
obtained in the current work.

Note that no velocity measurements were obtained for the 80 angle of approach in the center
travel lane (location 4) nor at the 90 angle of approach, below the I-beams (location 3).
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Figure 4: Air velocity measurements obtained with flows approaching the overpass in 10
increments from 0 to 90 and in the freestream.

Theoretical Maximum Pressure Drop Calculation
The maximum pressure drop p at the tornado center, where the location of low pressure resides
was estimated using the expression of the thermodynamic speed limit (37, 38). The purpose is to
compare the theoretical value to the maximum pressure drop value for the current experiments.
The assumption used was that the tornado may be expressed as a Rankine vortex (23), a model
for the distribution of wind in hurricanes and tornadoes characterized as a first approximation by
an inner region rotating as a solid with decreasing wind speeds to ambient levels in the tornado
outer portion (25, 39). The hydrostatic pressure deficit (40) may be expressed as the difference
between the free stream pressure and the local pressure in the vicinity of the tornado center: p =
pfs – p. The steady-state upper limit (41) or thermodynamic speed limit is therefore a result of the
minimum pressure in a vortex, owed entirely to p and described by (40),
p = C(ρ)𝑉𝑟 2

Eq. (9)

where C is a constant relevant to various vortex profiles,  is density and Vr is the maximum
rotational windspeed. In the current calculation, the freestream velocity Vfs was used as an
estimate of the maximum rotational windspeed. It should be noted that maximum wind speeds in
numerical simulations have been observed to exceed the thermodynamic speed limit (42, 43).
For a Rankine vortex, C = 1.0 (40, 41). Using the mean wind tunnel air density = 1.94E-03
slug/ft3 (1.1857 kg/m3) and the freestream velocity Vfs = 190.2 ft/s (58 m/s), the theoretical
maximum pressure drop p at the center of the tornado is p = 0.5 lbf/in2.
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The value of p represents the minimum pressure below the ambient value at the center of the
tornado. The p value is higher than the value of the maximum pressure drop of 0.278 psi
obtained in the current experiments which occurred between the I-beams (location 2) at a direct
approach of 0 of the air flow to the overpass. The experimental value of 0.278 psi shows the
wind tunnel velocities fall into a range of an EF2 scale tornado at a radial distance from the
tornado center where the theoretical maximum pressure drop would be 0.5 psi. The radial
distribution r as a function of velocity V from the tornado center was examined by Hoecker
(1960) (23) where the relation Vrk = constant was established for the range of k, 0.8  k  1.6
and where the constant is determined for each event (44).

Reynolds Number
The Reynolds numbers (Rex) for the air flow as it approaches the overpass at varying angles of
approach for the four locations that velocity measurements were obtained are shown in Fig. 5.
The value Rex is the local Reynolds number whose length scale is the distance from the leading
edge of the bridge at which the pressure and velocity measurements were obtained as the
structure was rotated. This distance “x” started at the leading edge of the bridge for the
individual rotation angles and ended at the tip of each of the Pitot-static tube locations. These
locations were estimated as the distance to the trailing edge minus twice the Pitot-static tube
diameter (0.003 m) or 0.006 m. Only the air flow Rex above the overpass (location 1) for an
angle of approach of 80, is similar to the freestream Re. For location 2 between the I-beams, the
Rex increases steadily with a small jump after an angle of approach of 70. The Rex for location 3
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under the I-beams is fairly constant until an angle of approach of 70, similar to that for location
4, the center travel lane.

Figure 5: Reynolds number Rex through the angles of approach at each of the four locations and
the freestream Reynolds number Re.

Pressure Coefficient
∆𝑝𝑐

The pressure coefficient, 𝐶𝑝 = 1
2

𝜌𝑉 2

(25), where pc = p – pfs, is described as the difference

between the measured and freestream dynamic pressures, and where V is the freestream velocity.
The pressure coefficient relates the dynamic pressure at the various locations of the overpass
structure to that of the ambient and is a unique function of the air flow direction relative to the
structure (45). The values of Cp at each of the four locations as a function of Rex are presented in
Fig. 6. Most of the pressure coefficients are negative, meaning below the ambient pressure, and
several are close to one dynamic head below ambient. Above the overpass (location 1) the
greatest negative values of Cp (-0.89 and -0.9) occur at angles of approach of 10 and 40,
respectively, while the same is true between the I-beams (location 2) with negative Cp (-0.96, 0.90, -0.85) for angles 0, 10 and 20, respectively. In each of these cases, the Rex is on the
order of 104, lower than the freestream Re (106). For below the I-beams (location 3) the most
negative Cp = -0.92. In the center travel lane (location 4) the greatest negative values of Cp (-0.92
to -0.95) occur at the higher angles of approach between 70 and 80 for Rex in the higher range
of E05. The Cp values in the vicinity of -1.0 are similar to those for a short building of height-tolength ratio of 0.1 (45). The overpass ratio in the current experiments is 0.0232 m / 0.182 m =
0.13. While estimates of Cp are possible for certain common structures, the wind tunnel
15
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experiments presented here allow the Cp values to be determined directly from experimental data
on the overpass and its orientation with respect to the air flow direction.

Figure 6: Pressure coefficients as functions of Reynolds number Rex with varying angles of
approach

Measured Drag and Lift Forces
The drag Fd and lift Fl forces acting on the test geometry in the wind tunnel were measured using
a strain gage system located beneath the test section of the tunnel and are presented in Fig. 7.
These values are used to determine the drag coefficients for scaling the forces on a full-size
overpass.

Figure 7: Measured drag and lift forces on the overpass

Drag Coefficients
The important scaling of these experiments is particularly aimed at determining the drag
coefficients Cd for a full-scale overpass by using the above measured drag forces Fd, the
measured freestream velocity Vfs and the frontal areas A of the overpass for the varying angles of
approach of the air flow, where 𝐶𝑑 = 1

𝐹𝑑

𝜌𝑉𝑓𝑠 2 𝐴
2

. The calculated drag coefficients Cd as a function

of Re are presented in Fig. 8, for each angle of approach of the air flow. Here Re differs slightly
from Rex used earlier. The value of Re is calculated using the length scale from the overpass
leading edge to its trailing edge as the overpass is rotated through the angles of approach, rather
16
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than to the tip of the Pitot-static tube. Note that at a Re of approximately 5E05, the decrease in
Cd indicates that there is a transition to a turbulent boundary layer (21).

Figure 8: Drag coefficients for overpass as function of Reynolds number

Analytical Drag Coefficient
As a means to check the drag coefficients obtained in the previous section, an analytical value of
Cd-analy is presented for the 0 angle of approach, as an example for comparison. The analytical
value is comprised of the sum of the drag coefficients for the overpass skin friction Cdf, the three
cylindrical pillars Cd3p and the overpass bridge Cdb section.

To obtain the skin friction drag coefficient, the skin friction drag force is determined with the
overpass bridge portion described as a flat plate, following the work of Blasius (1908) (46)
describing a steady boundary layer flow over a flat plate, and later confirmed by Goldstein
(1933) (47). Schlichting (1979) (48) also offers a description for flow in the wake of a flat plate
in which the drag force on the plate is the same as the loss of momentum due to friction Df. An
analytical skin friction drag force for a flat plate wetted on both sides is calculated using the
following expression (46-48)
2
𝐷𝑓 = 1.328 𝑏𝑉𝑓𝑠
(

𝑣𝑙

𝑉𝑓𝑠

)

1⁄
2

Eq. (10)

Where b is the overpass bridge span,  is density, Vfs is freestream velocity,  is kinematic
viscosity and l is the overpass bridge length in the flow direction. For an air flow angle of
approach of 0, the skin friction drag force of Eq. (10) becomes,
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𝐷𝑓 = 1.328 (0.182𝑚) (1.1857

𝑘𝑔

𝑚3

𝑚 2

) (58 )
𝑠

𝑚2

(1.518𝐸−05 𝑠 )(0.0449𝑚)
(
)
𝑚
58 𝑠

1⁄
2

= 0.1045 𝑁

The skin friction drag coefficient is obtained by,
𝐶𝑑𝑓 = 1

𝐷𝑓

𝜌𝑉𝑓𝑠 2 𝐴𝑤𝑒𝑡𝑡𝑒𝑑
2

=

0.1045𝑁

𝑚 2
𝑘𝑔
0.5((1.1857 3 )(58 ) 2(0.182𝑚∗0.0449𝑚))
𝑠
𝑚

= 0.003

Eq. (11)

The drag coefficient for one of the three cylindrical pillars of the overpass is found to be 0.3 (21),
such that for all three pillars,
𝐶𝑑3𝑝 = (3)(0.3) = 0.9

Eq. (12)

Finally, the overpass bridge treated as a rectangular plate, has a drag coefficient Cdb = 0.006, or
twice the skin friction drag coefficient (21). The analytical drag coefficient for the 0 angle of
approach then is the sum of the individual drag coefficients Cdf + Cd3p + Cdb such that Cd-analy =
0.003 + 0.9 + 0.006 = 0.91, which compares well to the drag coefficient of 0.9 obtained using
experimental drag data also for 0 air flow angle of approach.

Drag Force Acting on a Person
A report by Schmitt (1954) (49) for the U.S. Department of Defense, specifically the U.S. Navy,
describes experiments of drag force on humans in a wind tunnel and calculated drag coefficients
as functions of area CdA for various positions and amounts of clothing. The subjects included 16
males ranging in age from 16 to 47 years, with an average weight of 162 lbf. Experiments
included five different positions of the test subjects: standing, sitting, laying down and two
different squat or crouching positions. The data of the men fully clothed, laying down and one of
the crouching positions were used to determine drag forces
1

𝐹𝑑 = 𝜌𝑉 2 (𝐶𝑑 𝐴)
2

Eq. (13)
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where the values of CdA are obtained from Schmitt (1954) and the velocities are those measured
in the current experiments between the I-beams (location 2). The results of the calculations of
Eq. (13) are presented in Fig. 9.

Figure 9: Drag force on average weight man (162 lbf) laying down or crouching in Location 2
between the I-Beams

The results presented from this work show that there are pressure and velocity distributions
under and above a highway overpass that differ from the surroundings. It is however only the
beginning of understanding the potential benefits and risks of using an overpass as shelter during
a tornado. Other considerations require evaluation, such as the high speeds of the surrounding
debris field, the abrupt changes in wind direction as a tornado crosses over an overpass structure
and the potential for the airstream accelerating through portions of the underpass in which
measurements have not yet been obtained.

CONCLUSIONS
Experimental dynamic pressures and velocities and drag and lift forces were measured on a
scaled geometry of a highway overpass in a wind tunnel. Analytical values were determined and
compared with experimental ones. The following considerations are reflected:
1) The measured dynamic pressures normalized with the freestream dynamic pressures
show that when the air flow angles of approach to the overpass were between 50 and 80
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just above the overpass, the normalized dynamic pressures were nearly the same as those
of the freestream.
2) In all locations and angles of approach, the measured velocities remained the same as, or
below the freestream velocity of 190.2 ft/s (58 m/s; 130 mph).
3) A theoretical maximum pressure drop for the tornado center was calculated to be 0.5 psi
for an EF2 scale tornado and compared with the maximum pressure drop of 0.278 psi
from the experimental data. The 0.278 psi value shows that the experimental velocities
fall into a region of an EF2 scale tornado at a radial distance from the tornado center
where the theoretical maximum pressure drop is 0.5 psi.
4) Nearly all of the pressure coefficients Cp calculated are < 0 and some nearly one dynamic
head less than ambient.
5) The greatest Rex occurred above the overpass (location 1) after angles of approach of 40,
and from 60 to 90 for between the I-beams (location 2).
6) The drag coefficients Cd remain in the laminar region until a Re of approximately 5E05
and air flow angle of approach of 80, for which the boundary layer transitions to a
turbulent one.
7) An analytical calculation for the drag coefficient at an angle of approach of 0 was found
to be Cd-anal = 0.91 and compares well with the Cd = 0.9 determined using the
experimental data for the same approach angle.
8) The drag forces on a man weighing an average of 162 lbf using experimental data for the
person in crouching and laying positions between the I-beams (location 2), were
determined to be the highest at air flow angles of approach of 40 (29 lbf) and 70 (31
lbf).
20
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